We experimentally and numerically demonstrate the generation of square pulses without any wave-breaking in a fiber ring laser. A segment of nonzero dispersion-shifted fiber is used to increase the laser cavity length and to optimize the parameters of the laser cavity. In the experiment, the pulse width can be tuned in a wide range from 13.5 to 119.5 ns without wave-breaking while the peak power remains almost constant. The maximum singlepulse energy is up to 65.58 nJ at a pump power of 508 mW. Numerical results are in good agreement with the experimental results. Numerical results also reveal the role of cavity length and nonlinearity in generating a square pulse without pulse breakup.
Pulsed fiber lasers have attracted a lot of research interest due to their wide applications in telecommunications, industrial processing, and biophotonics. Different types of lasers based on various mechanisms have been reported, such as stretched-pulse fiber lasers [1, 2] , self-similar fiber lasers [3, 4] , dissipative soliton fiber lasers [5] , and so on. The dissipative soliton found in a system with both loss and gain features a rectangular shape in the spectrum and a Gaussian shape in the time domain, which provides a powerful way of generating high-energy pulses [6] . It was discovered later that, within a narrow range of laser parameters, a dissipative soliton mode-locked fiber laser could generate pulses with energy increasing linearly with the pump power without suffering pulse breakup. This kind of laser operates in the so-called dissipative soliton resonance (DSR) region [7] [8] [9] [10] [11] and possesses a rectangular temporal waveform and a Gaussian spectral shape [12] . On the other hand, Liu et al. reported that the difference in pulse energy between the two orthogonal polarization axes plays a key role in generating a wave-breaking-free pulse [13] . As this kind of soliton has the characteristic that the pulse energy would increase with the pump power without suffering a pulse breakup, it has recently been investigated extensively. Experimental investigations of square pulses have been reported in mode-locked fiber lasers based on the nonlinear polarization rotation (NPR) [8, 9] and the nonlinear amplifying loop mirror (NALM) techniques [10, 11] . It was confirmed by experiments that a quasi-rectangular pulse could be generated both in the normal dispersion and anomalous dispersion regions [8, 14] . In addition, it was theoretically demonstrated that the pulse width broadened with the decrease of the dispersion coefficient D in the anomalous dispersion regime [15] . Specifically, Zhang et al. reported a square pulse with a tuning range from 10 to 1716 ns and proposed that the large nonlinearity and a long cavity would be of benefit for increasing the tuning range and producing a pulse with a high energy [16] . Recently, dark-square-pulse bunches and harmonic modelocking (HML) of dark-square pulses, as well as bright pulses were simultaneously observed in a graphene-oxide saturable absorber (GOSA) passively mode-locked Yb-doped fiber laser [17] . Despite the tuning capability in the temporal domain, the variety in the wavelength and repetition rate has also been achieved in a passively modelocked fiber laser. Lin et al. proposed a wavelengthtunable mode-locked fiber laser that has a tuning range of 38 nm, operating in the DSR region [18] . Very recently, distributed ultrafast (DUF) lasers were proposed, with a fundamental cavity frequency that is linearly changeable as a function of the pulse wavelength [19] . However, the spectrum of the DUF laser features a narrow bandwidth and several Kelly sidebands that limit the further enhancement of the pulse energy. The advantage of the DSR region makes it easy for a passively mode-locked fiber laser to generate pulses with high energy up to hundreds of nJ.
In this Letter, square-pulse generation based on a modelocked fiber laser is achieved by the NPR technique. A segment of nonzero dispersion-shifted fiber (NZ-DSF) with the dispersion coefficient of ∼2.25 ps∕ðnm⋅kmÞ at 1550 nm wavelength is inserted into the cavity to increase the length and manage the dispersion of the laser cavity. The relatively low dispersion coefficient would be beneficial to the increase of nonlinear effects compared with the standard single-mode fiber (SMF). To confirm the experimental results, the square-pulse formation of the modelocked fiber laser has also been simulated numerically. The experimental configuration of the wave-breaking-free fiber laser is schematically presented in Fig. 1 . A segment of erbium-doped fiber (EDF) with a length of 1.5 m and erbium ion absorption of 30 dB∕m at 980 nm is pumped by a 980 nm laser diode with a maximum pump power of 508 mW through a 980/1550 nm wavelength-division multiplexer (WDM). A polarization-dependent isolator (PD-ISO) is inserted into the cavity to ensure unidirectional propogation and linear polarization of the light. Two intracavity polarization controllers (PCs) are used to adjust the polarization state of the light. An optical coupler with 10 % output is used as the output port. An ∼2.1 km NZ-DSF with a dispersion coefficient of 2.25 ps∕ðnm·kmÞ is inserted into the cavity to increase the cavity length. An oscilloscope (TDS500 MHz 3052C) together with a 3 GHz photodetector and an optical spectrum analyzer (Anritsu Ms9740A) are used to monitor the trace, temporal profile, and the optical spectrum of the square pulse, respectively.
The fiber laser is mode-locked by the NPR technique. In our experiment, when the pump power is increased to a threshold of 180 mW, stable mode-locked square pulses are obtained. The status of mode-locking can be maintained while reducing the pump power to about 105 mW due to the pump power hysteresis effect. By increasing the pump power to the maximum of 508 mW, the width of the square wave reaches 119.5 ns. Figure 2(a) shows the profile of a single pulse that exhibits a square profile without other fine internal structure. The slowly decreasing top and the microstructure at the trailing edge are due to the response of our measurement system. The optical spectrum with a resolution of 0.03 nm at a pump power of 508 mW is shown in Fig. 2(b) . The central wavelength and 3 dB bandwidth are 1562 and 6.97 nm, respectively.
The pedestal of the optical spectrum at the shorter wavelength originates from the amplified spontaneous emission (ASE) of the EDF. Correspondingly, the radio frequency (RF) spectrum of the output square pulse is measured by a 26.5 GHz RF spectrum analyzer (Agilent N9010A) with a resolution bandwidth (RBW) of 5 Hz, as shown in Fig. 2(c) . The fiber laser can be mode-locked at the fundamental repetition rate of 95.15 kHz, and the signal-to-noise ratio (SNR) is larger than 60 dB, which indicates that we have achieved a stable pulse modelocking state.
To further investigate the characteristics that the duration and the energy of the pulse will increase with the increasing pump power while the peak power of the pulse remains almost constant, the pulse evolution is recorded when the pump power is increased and the PCs are fixed in the experiment. As shown in Fig. 3 , when the pump powers are tuned to 105, 218, 328, 455, and 508 mW, the pulse widths are measured to be 13.4, 62.9, 88.5, 108.3, and 119.5 ns, respectively. The wave-breaking-free pulses are observed without any multipulse oscillation and the pulse width broadens with the increase of the pump power.
The details of pulse widths and output powers versus the pump powers are shown in Fig. 4 . The pulse width and the output power increase linearly with the pump power. When the pump power is enhanced from 105 to 508 mW, the pulse width increases from 13.4 to 119.5 ns and the output power increases from 0.39 to 6.24 mW. The maximum single-pulse energy is 65.58 nJ at a pump power of 508 mW.
The formation of the wave-breaking-free pulses in the laser is simulated numerically. The coupled GinzburgLandau equations (CGLEs) can be used to model the propagation of wave-breaking-free pulses in the weakly birefringent fibers [13, 20] . The coupled equations are expressed by [21] 
where u and v represent the slowly varying envelope of the pulse along two orthogonal polarization axes of the fiber; t and z denote the time and the propagation distance, respectively; 2β ¼ 2πΔn∕λ and 2δ ¼ 2βλ∕2πc are the wavenumber difference of two modes and the inverse group velocity, respectively; α, β 2 , γ, and Ω g are the transmission loss coefficient of fiber, the fiber dispersion, the cubic refractive nonlinearity of the medium, and the bandwidth of the laser gain, respectively; g is the saturable gain of the EDF, described by g ¼ g 0 expð−E p ∕E s Þ and g 0 , E p , and E s are the small-signal gain coefficient, pulse energy, and gain saturation energy, respectively. The polarization additive pulse mode-locking (P-APM) element is combined by a polarizer provided by the PD-ISO and cavity birefringence, and the transmission function of passed pulses can be expressed as T ¼ sin 2 ðθÞsin 2 ðφÞ þ cos 2 ðθÞcos 2 ðφÞ þ0.5 sinð2θÞ sinð2φÞ cosðϕ 1 þ ϕ 2 Þ;
where θ and ϕ denote the angles between the polarization directions of the polarizer and the analyzer respective to the fast axis of the fiber, respectively; ϕ 1 is the phase delay caused by the PCs and ϕ 2 is the phase delay resulting from the fiber, including both the linear phase delay and the nonlinear phase delay. The CGLEs mentioned above are solved with a standard split-step Fourier technique [22] . The following parameters are used in the simulations to match the experimental conditions: 2 ∕km for EDF and −2.6 ps 2 ∕km for NZ-DSF. In our simulation, the lengths of NZ-DSF and EDF are chosen as 2145 and 1.5 m, respectively. The saturation energy E s , which is proportional to the pump strength, is equal to 25 nJ. The angle θ is 0.25π and ϕ is 0.5π, while the phase delay ϕ 1 is 0.05π.
The dynamic evolution of the pulse is shown in Fig. 5(a) . The length of the fiber and the nonlinearity are chosen to be 2145 m and 2.2 W −1 km −1 for NZ-DSF, which are the same as that of the experimental setup. After a finite number of circulations, the original signal converges into a rectangular pulse without any pulse breakup. As shown by the green (middle pulse) line of Fig. 5(b) , the pulse duration obtained after 1000 round trips is ∼123 ns, which matches the experimental result. To investigate the influence of nonlinearity on the pulse width, we use SMFs with different nonlinear coefficients to form the laser cavity. It can be concluded that the pulse width is proportional to the nonlinearity of the cavity, being consistent with the experiments in Ref. [12] . It should be noted that the high pump power and long cavity are two factors in generating square pulses [23, 24] . To further investigate the impact of cavity length on the pulse width, a number of different cavity lengths up to 2500 m are used in the simulation, as shown in Fig. 5(c) . It is important to note that the cavity length is increased by a step size of 5 m, i.e., there may be appropriate parameters to generate square pulse other than integer ones. In addition, by changing some values, such as ϕ and E s , different results could be obtained with the same cavity length. That is to say, by adjusting the PCs (or varying the value of ϕ in the simulation), or changing the pump power, different shapes of pulses may be generated as well as square pulses with various durations. At a certain value of fiber length, the pulse duration would vary within a limit by changing other parameters of the laser. The dots in Fig. 5(c) are nothing but the sampling points within a certain range. Nonetheless, the range under the condition of a long fiber length has a higher value compared with a short one. Therefore, in spite of the oscillation in Fig. 5(c) , the pulse width tends to increase with the increase of the fiber length. The square pulse will not be generated until the cavity length is increased to approximately 45 m. With the increase of the cavity length, it becomes easier to generate a pulse with a rectangular shape. The broadest pulse of 195.7 ns is obtained at a length of 2370 m. It can be expected that the generation of broader square pulses is possible under the condition of a longer cavity.
In conclusion, wave-breaking-free square pulses generated in a mode-locked fiber laser based on the NPR technique are numerically and experimentally investigated. The stable square pulses are first generated through inserting a segment of NZ-DSF into the laser cavity. It is later demonstrated numerically that the nonlinearity and the length of the cavity play key roles in the generation of square pulses. Parameters should be chosen properly to generate square pulses. 
